Accumulating studies have proved that perinatal exposure to environmental dose causes long-term potentiation in anxiety/depression-related behaviors in rats. Hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis is one of the most consistent biological findings in anxiety-and depression-related disorders. The HPA axis is reported to be susceptible to developmental reprogramming. The present study focused on HPA reactivity in postnatal day (PND) 80 male rats exposed perinatally to environmental-dose BPA. When female breeders were orally administered 2 mg/(kg.day) BPA from gestation day 10 to lactation day 7, their offspring (PND 80 BPA-exposed rats) showed obvious anxiety/depression-like behaviors. Notably, significant increase in serum corticosterone and adrenocorticotropin, and corticotropin-releasing hormone mRNA were detected in BPA-exposed rats before or after the mild stressor. Additionally, the level of glucocorticoid receptor mRNA in the hippocampus, but not the hypothalamus, was decreased in BPA-exposed rats. The levels of hippocampal mineralocorticoid receptor mRNA, neuronal nitric oxide synthase and phosphorylated cAMP response element binding protein were increased in BPA-exposed rats. In addition, the testosterone level was in BPA-exposed rats. The results indicate that reprogramming-induced hyperactivity of the HPA axis is an important link between perinatal BPA exposure and persistent potentiation in anxiety and depression.
Introduction
Early development of the central nervous system (CNS) is a subtle and intricate process which is greatly sensitive to environmental adverse conditions such as toxic compounds, stress, and drug treatments [1] [2] [3] .
A large body of evidence has indicated that the disturbance of brain development produces persistent influence on either the function or structure of the brain. Among the potentially neurotoxic agents, bisphenol A (BPA), which possesses estrogenic properties, is a major source for human exposure as an important raw material for manufacturing epoxy resins and polycarbonate plastics [4] . In recent years, increasing studies have confirmed that perinatal exposure of BPA at doses less than the referred safe dose (50 mg/(kg.day), considered as 'low-dose' BPA) can interfere with brain development, resulting in CNS dysfunctions, including mental abnormality, hyperactivity, and deficits in language and motor learning. Among these, affective abnormality including anxiety and depression disorders is a common consequence induced by the negative action of low-dose BPA on brain development [5] [6] [7] . Although the mechanisms underlying the relationship between developmental BPA exposure and affective abnormality are unclear, epigenetic reprogramming of the hypothalamic-pituitary-adrenal (HPA) axis or neuronal circuits involved in regulating the HPA axis is seemingly of plausible explanation. HPA axis activity plays a critical role in regulating affective behaviors. HPA-axis dysfunction is regarded as the neurobiological basis of affective disorders characterized by anxiety disorders, major depressive disorder, psychotic depression, and bipolar disorder [8] . Increased corticosteroid levels representing a 'hyperactive' HPA axis is detected in the majority of patients with depression or anxiety disorder [9] . It has been established that the hippocampus is an important region involved in HPA-axis regulated affective behaviors [10] . Alterations in the hippocampus are widely reported to be accompanied with hyperactivity of the HPA axis in patients and animal models with affective disorders. The hippocampus participates in corticosteroidmediated negative feedback to the HPA axis through expressing low affinity glucocorticoid receptors (GR) and high affinity mineralocorticoid receptors (MR). An imbalance between hippocampal MR and GR is implicated in patients with affective disorders [11] . Hippocampal GR downregulation impairing the corticosteroid negative feedback is a crucial factor for the hyperactivity of the HPA axis in depression [12] . During early development, impaired feedback control of the HPA-axis may persist into adulthood to acquire GR resistance in some specific feedback areas [13] and GR hypersensitivity in other brain regions [14] . Some literatures have confirmed that the hippocampus and HPA axis are the critical brain regions for estrogenmediated organizational effects [15] . Previous studies have indicated that perinatal BPA exposure results in increase of estrogen receptors in the preoptic area, the pituitary and the dorsal raphe nucleus [16] [17] [18] . In addition, increased level of the hippocampus steroid receptor co-activator 1 was also detected in 1-week old male rats exposed perinatally to BPA [19] . Based on the above background, it is conceivable that the perturbance of the hippocampus HPA pathway may underlie BPAinduced anxiety and depression-like behaviors.
In this study, female breeders were subcutaneously injected with BPA (2 mg/kg) from gestation day 10 to lactation day 7. Anxiety-and depression-like behaviors were evaluated through the time spent in center-area of the open field test (OFT), in light-box of dark-light transfer (DLT) and the immobility time in forced swim test (FST) in BPA-exposed male offspring when they were mature. To explore the molecular mechanisms underlying BPA-altered affective behaviors, we further examined basal HPA-axis activity, GR-mediated HPA-axis responses to the stressor, and the hippocampal MRinduced neuronal nitric oxide synthase (nNOS)-cAMP response element binding protein (CREB) signaling.
Materials and methods

Animals
The study was performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by Animal Care and Ethical Committee of Nanjing Medical University. All measures were taken to minimize the number used as well as the pain and suffering of the animals. SpragueDawley female and male rats (Oriental Bio Service Inc., Nanjing, Jiangsu, China), weighing approximately 250-300 g, were used in the study. Animal rooms were maintained on a 12:12 light-dark cycle starting at 07:00 am and kept at a temperature of 22 uC-23 uC. All animals were allowed ad libitum access to clean water or food.
Preparation of animal models
Adult female and male rats were housed in separate cages for over 1 week. The estrous cycles in females were examined daily by vaginal cytology. Female rats with two regular estrous cycles were used to mate with males. Male rats were placed in the cages housing female rats. Vaginal plug was observed in the next morning, which was counted as day 1 of pregnancy. The dams of the experimental group were orally administered 2 mg/(kg.day) BPA (Sigma, St. Louis, MO, USA) from day 10 of pregnancy to day 7 of lactation. The dose was chosen according to the reported environmental exposure dose of BPA (2.4 mg/(kg.day) [20] . BPA was dissolved in ethanol, and then further diluted in water with the final concentration of ethanol less than 1%. Control dams received the same volume of vehicle. All offspring were weaned on postnatal day (PND) 22, and then were transferred to other cages by litter and sex. During treatment with BPA, dams or their offspring (BPA-exposed rats) did not exhibit obvious alteration of body weight gain (data not shown). One male offspring was randomly selected from each litter for study. Female rats were not taken into experiments to avoid fluctuations in mnemonic capacity related to the estrus cycle and changing estrogen levels.
Experimental paradigms
PND 80 control and BPA-exposed rats were randomly divided into three sets for the following experimental paradigms: (1) One set (n512 rats per group) was used to examine affective behaviors in the morning, following OFTRDLTRFST sequence. (2) The second set (n510 rats per group) was used to examine gonadal hormones, GR expression in the hippocampus and paraventricular nucleus (PVN), hippocampal MR and nNOS expression, and CREB phosphorylation. Brains and trunk blood were collected in the morning by rapid decapitation. (3) The third set (n510 rats per group) was used to investigate the activity of the HPA axis pre-and post-stress stimulation. Baseline blood samples were collected at circadian nadir in the morning via the lateral tail veins. The stress stimulation was administered by forcing rats to swim in a container filled with water (35 cm depth) for 5 minutes. Post-stress trunk blood was obtained immediately following the end of the stressor by decapitation.
Behavioral analysis
OFT: All rats were familiarized with the test environment for 60 minutes and then placed into a 75 cm675 cm white Plexiglas arena. The time spent in the center field was recorded for 5 minutes as a parameter of anxiety.
DLT: A 43 cm 643 cm630 cm Plexiglas chamber was equally divided in two compartments, one consisting of white Plexiglas illuminated brightly and the other of black Plexiglas. Two compartments were separated by an appropriate insert. The total time in the illuminated compartment was continuously recorded for 5 minutes reflecting anxiety level.
FST: The swimming tank is a cylindrical acrylic container (50 cm tall 630 cm in diameter) with water (24 uC ¡ 1 uC) filled to a depth of 35 cm. Animals were placed in the water for 15-minutes pretest swimming (data not shown) and were subjected to a 5-minutes test swimming 24 hours later. Increased immobile time is regarded as a typical sign of depressive-like phenotype.
Hormones assay
Serum was separated and stored at -20 uC for hormones assay. Serum corticosterone was assayed by rat corticosterone ELISA kit (Assay Designs, Inc. Ann Arbor, MI, USA). Serum adrenocorticotropin (ACTH), estrogen and testosterone were determined by a standard radioimmunoassay (MP Biomedicals, Irvine, CA, USA) according to the instructions of the manufacturer.
Real-time RT-PCR
The hippocampus and PVN were collected from frozen brain slices (2 mm thick), and then stored at -80uC until assay. Total RNA was extracted from the PVN and hippocampus using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. One mg RNA was used for reverse transcription (TaKaRa, Shiga, Japan). The primer sequences were: rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH; NM_017008.4) sense: 59-TCCCTCAAGATTGTCAGCAA-39, and antisense: 59-AGATCCACAACGGATACATT-39; rat corticotropin-releasing hormone (CRH; NM_031019.1) sense: 59-CAGAACAACAGTGCGGGCTCA-39, and antisense: 59-AAGGCAGACAGGGCGACAGAG-39; rat MR (NM_013131.1) sense: 59-TGTCTCAGA-CCTTGGAGCGTT-39, and antisense: 59-TGTTCGG-AATAGCACCGGAA-39; rat GR (AB115420.1) sense: 59-ACAGCTCACCCCTACCTTGGT-39, and antisense: 59-CTTGACGCCCACCTAACATGT-39. RT-PCR was performed using a Light Cycler Fast Start DNA Master SYBR Green I kit and ABI Prism
Step One Plus Sequence Detection System (Applied Biosystems, Foster City, CA, USA) and relative expression of genes was determined using the 2 -DDCt method by normalization against GAPDH expression. The relative levels of CRH, MR and GR mRNA were expressed as percent of control value.
Western blot analysis
The hippocampal region was carefully dissected on ice, frozen immediately and stored in liquid nitrogen (-80uC) until analysis. The samples were homogenized on ice in a lysis buffer containing 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Complete; Roche, Mannheim, Baden-Wuerttemberg, Germany), 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 7.5), 10 mmol/L NaF, 5 mmol/L EDTA, 1 mmol/L sodium orthovanadate, 0.5% sodium deoxycholate, and 1% Triton X-100. Total proteins (20 mg) were electrophoretically separated on SDS-polyacrylamide gel. The resolved proteins were electrophoretically transferred to a polyphorylated difluoride membrane. After blocking with 5% nonfat dried milk, the membranes were probed with rabbit anti-p-CREB-ser133 (1:1000; Cell Signaling, Beverley, CA, USA), or rabbit anti-CREB (1:1,000; Cell Signaling, Beverley, CA, USA), or mouse anti-nNOS antibody(1:5,000, BD Transduction Laboratories, San Jose, CA, USA) at 4 uC overnight. b-actin antibody (1:1,000, Sigma) was used as the internal control. After incubating with an HRP-labeled secondary antibody (1:500; Cell Signaling), the membranes were developed using the ECL detection Kit (Amersham Biosciences, Piscataway, NJ, USA). Quantitative expression of the proteins was analyzed with the image analysis software package ((Bio-Rad, Hercules, CA, USA).
Data analysis/statistics
The software Microcal Origin 6.1 (Micro-Cal Software Inc., Northampton, MA, USA) was employed to process and summarize the experimental data. The group data were expressed as mean ¡ SEM. Twoway ANOVA followed by Bonferroni post hoc test was introduced to analyze the effect of BPA treatment and 5-min forced swimming stress on serum ACTH and corticosterone. Student9s t test was used for comparisons between control and BPA-exposed groups. State7 software (STATA Corporation, College Station, TX, USA) was used to perform statistical analysis. P,0.05 was required for statistical significance.
Results
Perinatal BPA exposure increases anxietyand depression-like behaviors in rats
The time in the central area of the OFT and in the light-box of the DLT has been shown to inversely correlate with the anxiety level [21] . As shown in Fig. 1A and Fig. 1B , BPA-exposed rats (n512) spent less time in the central area of the OFT (t (1, 22) 52.33, P50.014) and in the light-box of the DLT (t ( 1 ,22 ) 53.71, P50.001) than the control rats (n512), indicating signs of anxiety [22] . The immobility time of the FST reflects the depression-like state [23] . BPA-exposed rats showed a significant increase in the immobility time of the FST in comparison with control rats (t (1, 22) 53.25, P50.004; Fig. 1C) . The results suggest that rats perinatally exposed to BPA exhibited typical signs of affective disorders. Hence, BPA-exposed rats were used as the animal model with BPA-induced affective disorders to investigate the alteration of the hippocampus-HPA axis circuits associated with the abnormality of affective behaviors.
Perinatal BPA exposure leads to the hyperactivity of HPA axis in rats
The pre-stress CRH mRNA, or serum ACTH and corticosterone were firstly examined to determine the basal HPA-axis activity. As shown in Fig. 2A -C, BPA-exposed rats (n510) showed a significant increase in the levels of CRH mRNA (t (1, 18) 54.46, P,0.001), ACTH (t (1, 18) 52.41, P50.027) and corticosterone (t (1, 18) 52.78, P50.012) compared to the control rats (n510).
Two-way ANOVA analysis indicated that either BPA treatment or 5-min forced swimming stress significantly affected the level of corticosterone (BPA treatment: F (1, 36) 577.496, P,0.001; stress: F (1, 36) 5136.656, P,0.001; interaction: F (1,36) 5 10.626, P50.002) and ACTH (BPA treatment: F (1, 36) 541.614, P,0.001; stress: F (1, 36) 561.840, P,0.001; interaction: F (1, 36) 57.384, P50.010). Bonferroni post hoc test further revealed that following the stressor of 5-min forced swimming, the levels of ACTH and corticosterone were increased approximately 30-40% in the control rats (ACTH: P50.039, corticosterone: P50.013; Fig. 3A&B ), whereas a larger increase in the level of ACTH (P,0.001) or corticosterone (P,0.001) was induced by the stressor in BPA-exposed rats than those in the control rats (Fig. 3A&B) . These results showed that HPA-axis function in either basal or stress condition was significantly enhanced in BPA-exposed rats.
Perinatal BPA exposure decreases hippocampal GR expression in rats
Considering the importance of the GR system for negative-feedback regulation of HPA activity [24] , GR mRNA expression in the PVN or hippocampus was then examined. In comparison with the control rats (n510), BPA-exposed rats (n510) showed a significant decrease in the expression of hippocampal GR mRNA (t (1, 18) 53.35, P50.006; Fig. 4A ). However, there was no difference in the expression of GR mRNA in the PVN region between the control and BPA-exposed rats (t (1, 18) 51.89, P50.08; Fig. 4B ). The results indicate that the GR-mediated negative feedback on HPA-axis was depressed in BPA-exposed rats.
The expression of hippocampal MR, nNOS and
CREB is enhanced in BPA-exposed rats
Hippocampal MR-mediated nNOS-p-CREB signaling pathway is reported to affect the HPA axis and affective behaviors via negatively regulating GR expression [12] . We designed further experiments to examine MR-induced nNOS and p-CREB signaling ( 1 , 1 8 ) 53.79, P50.001) and p-CREB proteins (t (1, 18) 55.43, P,0.001) in relative to those in the hippocampus of the control rats (n510). The results indicate that the MR-mediated nNOS-CREB signaling pathway was potentiated in BPA-exposed rats.
Perinatal BPA exposure inhibits peripheral production of testosterone in rats Because gonadal hormones are involved in regulating the response of the HPA-axis [25] [26] [27] , serum estrogen and testosterone levels were measured. There was no difference in the serum level of estrogen (t (1, 18) 50.57, P50.41; Fig. 6A ) between control (n510) and BPAexposed rats (n510), but the serum level of testosterone in BPA-exposed rats was significantly lower than that of control rats (t (1, 18) 52.19, P50.04; Fig. 6B ).
Discussion
Our study reveals that perinatal exposure to low dose of BPA results in the hyperactivity of the HPA axis, which is associated with anxiety/depression-like behaviors, through weakening the inhibition on the HPA axis by hippocampal GR-mediated feedback and peripheral testosterone. BPA-exposed rats spent less time in the center area of the OFT and in the light box of the DLT and showed more immobility in the FST than control rats. The hyperactivity of the pre-or post-stress HPA-axis was accompanied with decreased hippocampal GR expression and serum testosterone level in BPA-exposed rats. In comparison with controls, the levels of hippocampal MR mRNA, nNOS and p-CREB were increased in BPA-exposed rats.
Affective behaviors in PND 80 BPA-exposed rats were studied using three separate behavioral paradigms. BPA-exposed rats were more inactive, spent less time in the center area of the OFT or in the light box of the DLT and showed more immobility in the FST than control rats. These results indicate that BPA-exposed rats are prone to exhibit an increase in anxiety-and depression-related behaviors, which is consistent with the previous studies [28] [29] [30] . The HPA axis is widely reported to be highly susceptible to reprogramming during fetal and neonatal development, leading to persistent abnormality in the physiology and behaviors of the offspring [31, 32] . Here, we found that perinatal BPA exposure produced long-term potentiated effect on the HPA axis in offspring as reflected by the persistent increase in the level of serum corticosterone and ACTH and CRH mRNA either in basal condition or after stress. The results suggest that HPA hyperactivity underlies affective disorders associated with developmental BPA exposure.
The hyperactivity of the HPA axis is attributed, at least in part, to the impaired negative feedback of endogenous corticosterone. Through binding to GR and MR in the limbic-HPA axis stress system, corticosterone serves as a potent negative regulator of HPA axis activity, in particular the synthesis and release of CRH from the PVN region of hypothalamus and ACTH from the pituitary. MR via binding corticosterone mainly participates in stress appraisal and response onset, whereas GR is implicated in promoting adaptation to and recovery from stress and establishing struggle strategies. GR thus is thought to play a critical role in the corticosterone-mediated negative feedback inhibition of the HPA axis and stress adaptation [24] . It has been found that hippocampal GR deficiency is correlated with the hyperactivity of the HPA axis, and contributes to the etiology of depression [33] . In the present study, the decease of GR mRNA levels was observed in the hippocampus of BPA-exposed rat offspring. This change might lead to the decrease of GR-mediated feedback inhibition on the HPA axis, equally producing HPA-axis hyperactivity and the ensued anxiety/depression-like behaviors. Accumulating evidence indicates that hippocampal MR negatively regulates GR expression and activity via activating nNOS mediated CREB signal pathway [12, 34] . In comparison with control rats, the expression of hippocampal MR was increased in BPA-exposed rats. Furthermore, the levels of nNOS and p-CREB were higher than those in control rats. Thus, the findings indicate that the upregulation of hippocampal MR-induced nNOS-CREB signaling is likely implicated in BPAinduced hyperactivity of HPA-axis and high levels of anxiety and depression-related behaviors.
Findings from clinical and animal studies have proved that testosterone after sexual maturation plays an important role in anti-anxiety and anti-depressant behaviors [35] [36] . The decease or depletion of testosterone by various measures in adults results in increase of anxiety and depression [37] [38] . Hence, the reduced serum testosterone level is explained to be an important peripheral mechanisms underlying the affective abnormality in BPA-exposed offspring. A growing body of evidence has indicated that testosterone affects affective behaviors at multiple levels of the HPA axis. Testosterone has been shown to reduce adrenal sensitivity to ACTH [26] and suppress ACTH release from the anterior pituitary and CRH release from the PVN [27, 39] . Thus, it is conceivable that the low level of testosterone may be another factor causing HPAaxis hyperactivity associated with anxiety and depression of BPA-exposed rats. Although estrogen has been reported to have a potentiating effect on the HPA axis [25] , the observed effects in BPA-exposed offspring seems to be disconnected with peripheral estrogen secretion due to its unchanged serum level.
The present study suggests that perinatal BPA exposure results in obvious anxiety-and depression-like behaviors probably via long-term potentiatiation of the HPA axis in offspring. However, the present data cannot explain the underlying mechanisms of the relationship between developmental experiences and life-long phenotypic consequences. The development period is crucial for establishing and maintaining epigenetic marks [40] . Epigenetic alterations were consequently regarded as the most plausible explanation that environmental toxicants including BPA could exert long-lasting effects. Indeed, there is accumulating evidence for BPA-induced epigenetic alterations [41] [42] .
For example, Dolinoy et al. [42] found that maternal BPA exposure shifted the coat color distribution of offspring toward yellow by decreasing methylation at specific CpG sites in yellow agouti allele. A study by Ho et al. [41] indicated that developmental BPA exposure increases adult susceptibility to prostate cancer via hypomethylating specific CpG sites of phosphodiesterase type 4 variant 4 gene in the prostate. One report of our laboratory showed that the decrease of glutamic acid decarboxylase (GAD) 67 expression in the amygdala of rat perinatally exposed to BPA is due to the long-lasting epigenetic changes of GAD67 promoter [43] . It has been confirmed that the HPA axis and hippocampus are always the targets of epigenetic reprogramming by development experience. For example, low maternal care methylates and hypoacetylates the hippocampal GR promoter in offspring leading to the HPA hyperactivity [44] [45] . Hence, it is necessary to confirm the epigenetic mechanisms undying the effects of perinatal BPA exposure on HPA axis associated with affective behaviors.
Accumulating studies have indicated the negative effects of prenatal stress or early-life adversity on the development and maturation of corticosteroid-mediated stress system [32, 46] . However, to date, there are few studies paying attention to the influence of environmental toxins on this stress-related system. The present study shows convincingly that perinatal BPA exposure brings the long-term potentiation of HPA response to stress accompanied with obvious anxiety-and depression-like behaviors. Future research should put emphasis on investigating the underlying mechanisms of the link between perinatal BPA exposure and HPA axis hyperactivity, such as epigenetic alterations of relevant genes. 
